We report the visible electroluminescence at room temperature from metal-oxide-silicon tunneling diodes. As biased in the Fowler-Nordheim regime, the electrons tunnel from the gate electrode through the ultrathin oxide and reach the Si anode with sufficiently high energy. The hot electrons cause the impact ionization, and generate the secondary hot electrons and hot holes in Si substrates. The visible light comes from the radiative recombination between the secondary hot electrons and hot holes, and the hot carrier recombination model can fit the visible electroluminescence spectra.
7
Recently, MOS tunneling light emitting diodes have also shown the infrared band edge electroluminescence ͑EL͒ 8 at accumulation bias. There are also reports on visible EL from MOS structures, and the origin has been attributed to oxide defects 9 and hot electrons. 10 In this letter, we report that a hot carrier recombination due to the impact ionization of the tunneling hot electron is responsible for the visible emission and the line shape of the visible emission can be fitted by this model.
The ultrathin gate oxide of the MOS tunneling diode used in this study is grown by rapid thermal oxidation ͑RTO͒ at 900°C. The gas flows are 500 sccm nitrogen and 500 sccm oxygen at the pressure of 250 mbar. Before oxidation, the sample was cleaned by a HF dip. An in situ hydrogen bake at 900°C for 2 min was performed before the growth of the RTO. The temperature was measured by a pyrometer with a close loop control. Although the interface state density of Si/oxide interface cannot be accurately measured by the capacitance-voltage method due to the gate leakage current, the measurement on dark current of the similar devices 11 and on thick oxide samples indicates that the interface state density is within 1ϫ10 11 cm Ϫ2 . The nominal thickness of the oxide is about 3 nm, measured by ellipsometry. The resistivity of the 100 mm p-type ͑100͒ wafers is 1-10 ⍀ cm. The N ͑n-type͒ MOS diodes have an indium tin oxide ͑ITO͒ gate electrode with circular areas of 4 ϫ10 Ϫ2 cm 2 defined by photolithography. The visible light can pass the transparent ITO gate electrode and the detection signal can be increased. Note that for nontransparent electrode, a special structure is needed to observe the visible light from the edge of the MOS diodes with poly Si electrodes. 10 For the ITO gate under negative bias, the electron in the ITO tunnels to the Si substrate through the thin oxide. The negative gate bias also attracts the hole at the Si/SiO 2 interface to form an accumulation region. At sufficiently large negative gate bias ͑Ͼ6 V͒, visible light is observed as shown in Fig. 1 . Since visible EL has a very broad spectrum, corrections due to the sensitivity of photomultiplier tube ͑PMT͒ and the grating efficiency have to be taken into account. Figure 1 shows both the raw data obtained directly from the photomultiplier tube and the processed data after such corrections. The inset of Fig. 1 is the detector sensitivity and grating efficiency used for such corrections. The cutoff of the PMT is around 800 nm ͑1.55 eV͒. The raw data show a peak around 600 nm, but the processed data do not. This indicates the necessity of such corrections. Figure 2 shows the visible spectra after corrections at different bias. The emission intensity increases with increasing bias voltage. The radiative recombination between tunneling electrons and accumulated holes seems unlikely re- sponsible to the visible emission, since the spectra does not change significantly in shape as the negative gate bias increases from the 5.9 to 8.7 V. 10 The energy of tunneling electrons reaching Si increases with the increasing gate voltage. The high-energy portion of the spectra would be more and more significant as the negative gate bias increases if the tunneling hot electrons recombined directly with holes. As reaching the Si, the tunneling electron has sufficient energy to cause the impact ionization at high negative gate voltage. The secondary hot electrons and holes are produced by the impact ionization ͑Fig. 3͒. The hot electron distribution function due to the impact ionization has been derived by Wolff 12 and is given by
where E i (x)ϭ͐ Ϫϱ x ͓exp()/͔d, ␤ϭ1/k B T e , T e is the temperature, and E 0 is the ionization threshold to generate the secondary electrons and holes. The Wolff's distribution substantially below the ionization threshold is quasiMaxwellian, and the electron temperature can be much higher than the lattice temperature. 12 Two different values of the impact ionization threshold of electrons were used in the literature. One is one and half of Si band gap, 7,13 the other one is 3.6 eV.
14 For the photon energy interested ͑1.5-3 eV͒, the Wolff's distribution is very close to quasi-Maxwellian if the 3.6 eV is used for ionization threshold. Due to the large density of states and large ionization threshold of holes ͑5.0 eV͒, 14 the hot hole distribution function is commonly represented as quasi-Maxwellian. 7, 13 Similar to the electron-hole plasma recombination model, 8 the momentum conservation in the indirect band gap Si is assumed to be conserved by impurity scattering, roughness scattering, and other mechanisms. 8 The emission line shape is a simple convolution between electron and hole populations. Since the signal of the PMT detector is photon energy, not photon count, a photon energy weighting factor (h) is also included in the hot carrier recombination model, which is
where D e and D h are the densities of states of electron and hole, respectively, h is the energy of photon emitted, E g is the Si band gap, T e and T h are the hot electron and hot hole temperatures, respectively, the electron distribution function f e is Wolff's, and hole distribution function f h is quasiMaxwellian. Figure 2 shows the theoretical curves of the emission line shape, which give the reasonable fit of experimental data. The theoretical line shape drops more slowly if the electron distribution function is quasi-Maxwellian as compared to the Wolff's distribution with E 0 ϭ1.5 eV. Note that the theoretical curves using quasi-Maxwellian electron distribution are overlapped with those using Wolff's distribution with E 0 ϭ3.6 eV in Fig. 2 . For simplicity, we used the same T e and T h in the fitting. The carrier temperature increases from 2845 to 3075 K as the bias increases from 5.9 to 8.7 V. This indicates that the higher energy of tunneling electrons can produce secondary hot carriers with higher energy, and thus leads to higher carrier temperature. The ionization threshold of 1.5 eV gives a better fit than 3.6 eV in Fig. 2 . For PMOS diodes ͑n-type substrate͒, no visible light was detected. This is probably due to the much lower impact ionization rate of holes 14 in Si, as compared to electrons. The tunneling hole from the gate electrodes into Si substrates cannot produce sufficient hot electron and hot hole populations, and therefore, the visible light is too weak to be detected.
A visible light is observed from MOS tunneling diodes with ITO gates. The similar emission spectra have been observed in p -n junction under an avalanche bias. The origin of the emission in p -n junctions has been attributed to different mechanisms such as the Bremsstrahlung effect, the intraconduction recombination, and the hot carrier recombination and is still under debate. We, however, demonstrate that the visible emission in MOS structures is due to the hot carrier recombination, which are generated by high-energy electron tunneling from electrodes to p-type Si as biased in the Fowler-Nordheim regime. The theoretical line shape fits the experimental data reasonably well.
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